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Droughts and heatwaves cause agricultural loss, forest mortality, and drinking water scarcity, especially when they
occur simultaneously as combined events. Their predicted increase in recurrence and intensity poses serious threats
to future food security. Still today, the knowledge of how droughts and heatwaves start and evolve remains limited,
and so does our understanding of how climate changemay affect them. Droughts and heatwaves have been suggested
to intensify and propagate via land–atmosphere feedbacks. However, a global capacity to observe these processes is
still lacking, and climate and forecast models are immature when it comes to representing the influences of land on
temperature and rainfall. Key open questions remain in our goal to uncover the real importance of these feedbacks:
What is the impact of the extreme meteorological conditions on ecosystem evaporation? How do these anomalies
regulate the atmospheric boundary layer state (event self-intensification) and contribute to the inflow of heat and
moisture to other regions (event self-propagation)? Can this knowledge on the role of land feedbacks, when available,
be exploited to develop geo-engineeringmitigation strategies that prevent these events from aggravating during their
early stages? The goal of our perspective is not to present a convincing answer to these questions, but to assess the
scientific progress to date, while highlighting new and innovative avenues to keep advancing our understanding in
the future.
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Introduction
While multiple definitions exist, meteorological
droughts and heatwaves are commonly regarded
as prolonged periods of precipitation shortage and
extremely high temperature, respectively. Both can
lead to major natural disasters and socio-economic
impacts, especially when they occur simultaneously
as combined events.1–3 They cause agricultural loss,
plant mortality, air pollution, and water scarcity;
they also endanger the sustainability of ecosystems
and food production systems, and favor the occur-
rence of wild fires.3–7 The progressive intensifica-
tion and proliferation of these extremes following
global warming8–10 counts among the most critical
impacts of climate change on society according to
the Intergovernmental Panel onClimateChange.9,11
Nonetheless, there is a perception that droughts and
heatwaves have already become unusually frequent
and severe in recent years. This perception has been
fueled by unprecedented events of combined water
scarcity and extreme heat in Australia (2005–2007),
Northeastern China (2009), Europe (2003, 2010,
and 2017), or the United States (2013–2015).3,5,9,12
These extreme events have evidenced our limited
understanding of the mechanisms driving their
onset and evolution. Operational forecasts still fail
to capture the complexity of these driving processes
at seasonal scales, thus their accuracy is often insuffi-
cient to be used as early warning systems.13,14 Mean-
while, uncertainties inprojected trends fromclimate
models also remain high,9,10,15 and since terrestrial
carbon sinks are heavily affected by these climatic
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Figure 1. Land feedbacks as local intensifiers of hydro-meteorological extremes. The large-scale response of ecosystems to the high
atmospheric demand, heat, and (surface and atmospheric) water stress is thought to be critical to set the magnitude of these events.
Here, red color means positive relation (e.g., land desiccation enhances evaporation decrease), while blue color means negative
relation. We highlight that the higher vapor pressure deficit (VPD) will typically reduce stomatal conductance and transpiration
under conditions of surface water stress. We also note that the selection of relevant processes is boldly simplified in this conceptual
diagram.
extremes,7,13,16–20 these uncertainties propagate to
the predictions of global warming.9,21
Current understanding of the physics behind
meteorological droughts and heatwaves sug-
gests that similar persistent large-scale circulation
anomalies are critical for the initiation of both
events,22–25 which partly explains why these
extremes often concur. Conversely, similar land−
atmospheric feedbacks have been suggested as
central in their evolution,21 even if droughts and
heatwaves frequently span different temporal scales,
with the latter being typically shorter (days to
weeks) than the former (months to years). These
feedbacks are intuitive: as soil and vegetation dry
out, land evaporation (or evapotranspiration26) is
reduced, hence the air becomes even drier, which
may further decrease the likelihood of rainfall and
favor the occurrence of meteorological droughts
(Fig. 1).21,27–29 Concurrently, as evaporation pro-
gressively declines, a larger fraction of incoming
radiation is employed to warm up the environment,
which leads to an accumulation of sensible heat
in the atmosphere that may develop into a heat-
wave or exaggerate its magnitude.4 While multiple
studies have revealed that, under certain conditions,
rain falls preferentially over soils that are drier than
their surroundings, due to the instigation of convec-
tion and meso-scale circulation,30,31 this situation
does not necessarily imply more likelihood of rain-
fall during drought times.32 Finally, feedbacks that
originate from drought-induced changes in surface
albedomay also be acknowledged,33 although recent
studies suggest that they are comparatively less
important.34 Therefore, land–atmospheric feed-
backs may be central in defining the magnitude of
particular extreme events, and also help understand
why these two—a priori independent—extremes
often occur in association. In fact, the imperfect
representation of these land–atmospheric feedbacks
in models has been suggested as a core reason why
seasonal forecasts fail to predict these events,27,35
but also why trends in climate model projections of
these climate extremes remain so uncertain.9,21
Land–atmospheric feedback experiments look-
ing at short-scale interactions during droughts and
heatwaves havemainly focused on climatemodeling
activities36,37 and statistical analysis of meteoro-
logical data38,39 (see below). The advantage of
performing coupled model simulations in which
land parameters (i.e., vegetation cover and soil
moisture) are intervened in one of the experi-
ments is that differences with the control run are
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unambiguous in terms of causality.40,41 However,
the degree of land–atmospheric coupling varies
greatly from model to model, and the results of
these experiments are difficult to validate using
field measurements,42 even though recent studies
have aimed for such a validation.43 On the other
hand, ground and satellite measurements reflect
the actual variability in our coupled system.
However, even when accurate observations are
available and sophisticated coupling diagnostics
are applied, the potential to infer formal causal
relationships remains limited.44–48 This is due to the
complex links among the different elements in the
land–atmosphere continuum, which reflect in
the cross-correlation of multiple variables without
the need of implying causality, the various scales
of variability and autocorrelation of different
elements, the unavoidable confounding effect
of hidden variables not being observed, and the
complex and bidirectional interactions within the
system.44–46,49 In addition, most observational anal-
yses have focused on local feedbacks, even though
most effects can be considered as nonlocal depend-
ing on the definition of “locality” (see below).
Due to the difficulties to formally disentangle
and quantify the importance of these feedbacks
using either observations and/or models, key open
questions remain in our goal to uncover their real
importance for the occurrence of droughts and
heatwaves.50–52 (1) What is the large-scale response
of land evaporation to rainfall deficits and extreme
heat in different natural and anthropogenic ecosys-
tems? (2) How does this response regulate the state
of the atmospheric boundary layer and thus inten-
sify or buffer the event locally? (3) How do land sur-
face anomalies contribute to the propagation of the
events toward other regions? (4) Can our knowledge
of these feedbacks be exploited to develop mitiga-
tion strategies that go beyond preventing the con-
sequences of these extremes and toward palliating
their causes? (5) What is the importance of these
feedbacks, not just for the occurrence of particular
extreme events, but also for the regional warming
and drying trends that our climate models are pro-
jecting? The overriding intent and purpose of this
perspective paper is to assess the scientific progress
in regard to the role of land–atmospheric feedbacks
in the occurrence of droughts and heatwaves, iden-
tify themainknowledge gaps, andhighlight newand
innovative avenues to keep advancing our under-
standing of these processes. In addition, it will dis-
cuss some of the modeling and observational tools
that have the scope and potential to deliver new and
powerful insights to the study of land–atmospheric
interactions as an almost separate discipline.
Lessons learned from observations
From soil moisture to evaporation
Although the importance of land surface evapora-
tion for hydrology and agriculture has long been
recognized,53,54 its crucial role in climate has only
been highlighted in more recent years.40,55–57 Over-
all, natural land evaporation (1) is highly sensitive to
changes in radiation and temperature, thus it prop-
agates the radiative effects of anthropogenic emis-
sions throughout the entirewater cycle,58,59 (2) plays
a central role in critical climate processes, such as
the water vapor and cloud feedbacks, and (3) con-
nects the water and carbon cycles through its cou-
pling to photosynthesis.60,61 However, asmentioned
above, the most direct effect of land evaporation on
climate comes from its role in the surface energy
partitioning: evaporation directly regulates climate
through a series of feedbacks acting on air temper-
ature and precipitation, which may affect climate
trends,62,63 regularmeteorological conditions,30,32,40
and hydro-meteorological extremes4,39,57 (Fig. 1).
As stated above, our focus here is on the latter: the
importance of these land feedbacks for the occur-
rence of droughts and heatwaves. A first and nec-
essary step to understand this importance is to
recognize the anomalous response of large-scale
evaporation dynamics during the onset and evolu-
tion of these events. This response can be viewed as
the starting point in the feedback cycles illustrated
in Figure 1. The contrasting evaporative response
of particular ecosystem types will set their poten-
tial to influence the state of the atmosphere (see
below) and thus the evolution of the extreme event.
Therefore, understanding these ecosystem-specific
transpiration responses to extreme atmospheric and
environmental conditions is fundamental.39
However, to date,modeled fields of land evapora-
tion remain unreliable and our capability to observe
evaporation over large scales is still limited.55,56 For-
tunately, the rising interest of the climate com-
munity in land evaporation has coincided with
an unprecedented availability of global field mea-
surements, particularly due to the efforts of the
FLUXNET community.64 Meanwhile, due to the
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limitations in coverage of in situmeasurements, and
the difficulties to model evaporation accurately, the
scientific community has also turned their eyes to
satellite remote sensing.55,56,65 As such, a wide range
of global observational data sets of land evaporation
have become available in recent years.66–68 As evap-
oration cannot be directly sensed from space, these
data sets are still the output of simple models that
combine evaporation-related observable variables,
either physically or statistically.66,69–72 This has not
hindered the use of these evaporation data in state-
of-the-art global water and energy assessments;73
yet, they are not to be interpreted as direct satellite
observations, and rather as model outputs gener-
ated based on the satellite forcing data.74 Nonethe-
less, an important motivation for relying on remote
sensing-based evaporation for the study of droughts
and heatwaves is that transpiration—the largest
component of terrestrial evaporation globally75,76—
is extremely difficult to accuratelymodel under con-
ditions of water and heat stress.77
During the onset of droughts and heatwaves, the
persistent anticyclonic patterns leading to low rela-
tive humidity, high air temperature, and reduced
cloudiness78 cause a high atmospheric demand
for water that may initially incentivize soil evap-
oration and plant water consumption through
transpiration.5,78,79 The combination of rainfall
deficits (i.e., meteorological drought) and increased
atmospheric demand may lead to a prolonged and
pronounced decline in soil moisture (i.e., agricul-
tural drought), and severely impact hydrological
systems (i.e., hydrological drought).5 As the meteo-
rological drought or heatwave evolves, the expected
evaporative response of an ecosystem becomes
more equivocal, and evaporation may start declin-
ing as soils dry below a certain threshold (i.e.,
critical soil moisture).21 The effective impact of
soil moisture storage on land evaporation, and in
particular on transpiration, has been subject of
investigation for many years,60,80 and despite its
pivotal role in land–atmosphere coupling, a thor-
ough understanding of the key controls on this
relationship is still lacking.81–83 This relationship is
frequently simplified by considering a wet domain,
in which evaporation ismainly controlled by energy
(potential evaporation), and a dry domain below
critical soil moisture in which evaporation declines
with decreasing soil moisture.21,84 Several observa-
tionsmadeduring evolvingdrought conditions con-
firm the general validity of this conceptual model,
despite the potential existence of multiple stress fac-
tors other than soil moisture, such as high vapor
pressure deficit and extreme temperature.85 For
example, Teuling et al. found an increase in evapo-
ration during the onset of droughts in central and
western Europe,79 and an exponential decrease of
evaporation as the events persisted, which appears
consistent with a linear relation between soil mois-
ture and evaporation below critical soil mois-
ture. However, as one may expect, the relationship
between soil moisture and evaporation is bidirec-
tional: in the absence of rainfall, evaporation losses
will control the decay of soil moisture, and this
decay will in turn regulate stomatal conductance
and evaporation;21,79 this bidirectionality may also
make the relationship highly nonlinear.86 Overall,
the timing and extent of the evaporation decline
during droughts and heatwaves will depend on
the particular ecosystem conditions, such as the
soil moisture state during the onset of the event,
land cover radiative properties, aerodynamics of the
ecosystem, or specific plant hydraulic traits such as
root depth or internal processes regulating stomatal
conductance.39,77
An example of the characteristic response of
ecosystem evaporation during the onset and evo-
lution of a meteorological drought is shown in
Figure 2. The period highlighted corresponds to
the 2012–13 Midwest drought, which led to con-
ditions of “exceptional drought” according to the
U.S. Drought Monitor87 (Fig. 2A). Measurements
of evaporation correspond to three eddy covariance
sites in Nebraska that are located within few hun-
dred meters from each other and are managed by
the University of Nebraska Agricultural Research
and Development Center. The first one (US-Ne1)
is located in a maize site subject to irrigation, the
second (US-Ne2) and third (US-Ne3) are located
in maize-soybean rotation plantations; while the
latter is rainfed, the former two are often irrigated.
The two irrigated sites (US-Ne1 and US-Ne2) show
a very characteristic positive anomaly in evapora-
tion during the beginning of the drought event,
coinciding with the high vapor pressure deficit, net
radiation, and temperature (Fig. 2B). Only US-Ne3
shows amilder increase during the onset, potentially
reflecting the lower anomaly in net radiation at this
site related to a higher albedo on that year (Fig. 2B).
All three sites experienced a pronounced decline
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Figure 2. Evaporation during the 2012–13 Midwest drought. (A) Evolution of the event according to the U.S. Drought Monitor87
(top). Measurements of evaporation (mm month−1) at three eddy covariance cropland sites in Nebraska: US-Ne1, US-Ne2, and
US-Ne3 (bottom). The satellite data come from GLEAM v3.2a.66,88 The blue circles in the maps mark the location of the eddy
covariance sites. (B) Anomalies in precipitation (P, mm month−1), vapor pressure deficit (VPD, kPa), net radiation (Rn, W m−2),
air temperature (Ta, K), and land evaporation (mmmonth−1) during the drought.
in evaporation as the event evolved, particularly
US-Ne1 and US-Ne2. This decline is qualitatively
depicted by the satellite-based data from the Global
Land Evaporation Amsterdam Model (GLEAM)
v3.2a (Fig. 2A).66,88 Altogether, this transition from
positive to negative anomalies is unprecedented in
the 12-year record of in situ observations (Fig. 2A).
Nonetheless, the spatial response of evaporation
is far from being homogeneous: the correlation
of evaporation anomalies among the three differ-
ent sites is lower than the correlation among the
sites for any meteorological variable (Fig. 2B). This
reiterates the dependency of evaporation on land
surface conditions and management, and the con-
sequent spatial heterogeneity of the flux. Here, the
contrasting response at each site may arise from dif-
ferences in soil properties, initial soil moisture, and
irrigation, and may reflect as well different crop
strategies to cope with water stress,39,89,90 such as a
more isohydric behavior in US-Ne3, a higher stom-
atal sensitivity to vapor pressure deficit, or a deeper
rooting system at that site.
Further expanding on the differences among land
use types, pan-European analyses of the impact of
summer droughts and heatwaves on flux partition-
ing at eddy covariance andmeteorological sites have
shown that forest ecosystems respond fundamen-
tally differently to other ecosystems.38,39,91 Perhaps
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surprisingly, over forests, a larger fractionof thepos-
itive net radiation anomalies is used to enhance the
sensible heat flux during the onset of these events.
While for trees, the deeper rooting systemmay guar-
anty the access to water during prolonged droughts,
the larger stomata regulationmay also buffer the ini-
tial water loss through transpiration. This reduction
in transpiration during the onset of droughts can be
accompanied by a substantial increase in water use
efficiency,91 and will be more pronounced for iso-
hydric tree species, in which the high sensitivity of
stomata tovaporpressuredeficit is larger.89,92 In fact,
recent studies have reported that for forest ecosys-
tems, the high vapor pressure deficit can limit tran-
spiration as much as the dry soils in conditions of
stress,93 with the importance of these drivers being
species dependent.89,90 Nonetheless, disentangling
the stress attributed to soil or atmospheric dryness
based on observations is far from being an obvious
task, given the correlation between soil and atmo-
spheric moisture content.85 A priori, the increas-
ing stomatal resistance during sudden episodes of
extreme hot and dry air advection can occur even
if sufficient soil moisture is still available. This
implies a positive feedback that is also illustrated in
Figure 1, as the subsequent transpiration decline
and the increased sensible heat may contribute to
the drying and warming of the atmospheric bound-
ary layer (potentially enhanced by entrainment),
thus inhibit the generation of clouds and rainfall.
A challenge relates to understanding the impact of
prolonged drought phenomena, in which plant
strategies related to water use during the onset of
the event determine the total plant available water
in later stages. As such, both the more conservative
use of water as well as their deeper rooting system
imply an evolutionary advantage for forests com-
pared to nonforest ecosystems, where plant avail-
ablemoisture is lower and used at faster rates during
the earlier stages of these events.39,94 Nonetheless, at
multiannual timescales, while perennial ecosystems
might recover completely after prolonged droughts,
in the caseof forests, drought-inducedmortality and
dieback will increase the ecosystem vulnerability to
analogous events in following years.6,95,96
From evaporation to atmospheric state
As discussed above, observational studies to date
show that ecosystem-specific properties can signif-
icantly influence the dynamics of land evaporation
during droughts and heatwaves. Since these differ-
ences lead in turn to contrasting surface partitioning
of radiation, it is safe to argue that land conditions
and plant physiology at ecosystem scales have the
potential to influence the state and evolution of the
atmospheric boundary layer during these extreme
events,97–99 and thus impact the development of
extreme meteorological conditions.100 Along these
lines, it is crucial to acknowledge the extent to which
Figure 1 simplifies key processes, and to highlight
that any change on the atmospheric boundary layer
that is triggered by the surface partitioning of radi-
ation, will affect the stability and growth of the
boundary layer, and therefore (1) the entrainment
of air from the top and (2) the potential influence
of air advection from the surrounding. Perhaps due
to this complexity, studies merely based on satellite
observations and drought indices have yielded lim-
ited process understanding, despite raising aware-
ness about the correlation between surface dryness
during the event onset and the subsequent event
intensity.42,101
More mechanistic approaches have focused on
the effects of soil moisture and vegetation on the
state and evolution of the atmospheric boundary
layer, and how these effects affect convection, air
temperature, and rainfall.31,35,49 To do so, a wide
range of diagnostics have been developed in recent
decades that characterize the effect of land on
local convection and rainfall, many of them being
embraced within the international Global Energy
and Water Exchanges (GEWEX) Local Land–
Atmosphere Coupling (LoCo) project, dedicated
to examining these interactions to yield new pro-
cess understanding.27,30,35,49,102,103 However, only
recently, some of these studies have focused specif-
ically on periods of drought.27–29 As an example,
Roundy et al. presented a feedback diagnostic that
suggested a crucial role of these land–precipitation
feedbacks in the local evolution of droughts in
the United States, particularly during convective
seasons, when the impact of ocean temperatures
on continental rainfall is expected to be lower.27
Using satellite data and balloon sounding profiles
combined with a mechanistic model, Miralles et al.
analyzed the simultaneous occurrence of droughts
and heatwaves in Europe to give evidence of the
requirement of land–atmospheric feedbacks to
develop deep and warm atmospheric boundary
layers, where the heat is stored on multiday basis
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and the temperature progressively escalates to yield
a “mega-heatwave.”4 Once again, even if our pur-
pose here is to discuss land feedbacks in the context
of their potential to exaggerate meteorological
anomalies, the role of atmospheric circulation in
the timing of the onset and offset of these events is
critical and should not be overlooked.104
Findings from coupled climate models
Multiscale modeling strategies
Given the difficulties to evaluate causal mecha-
nisms across the land–atmosphere interface based
on observations,44–46 idealized model experiments
have frequently been used to disentangle the influ-
ence of surface conditions on the occurrence of
extreme climate.105 As such, a wide variety of
modeling frameworks have been utilized, rang-
ing in complexity and scale of application: from
atmospheric boundary layer column models4 and
large eddy simulators,106 to regional and global cli-
mate models.37,107 Overall, coupled climate models
are preferred when evaluating the impact of soil
moisture and vegetation on large-scale droughts
and heatwaves; regional climate models are often
applied to reproduce the effect on land conditions
on particular events,36,37,57,108–111 while global cli-
mate models can be used to evaluate the impact of
land surface conditions on the statistics of climate
extremes.41,112–114 The latter can be done within
a detection-and-attribution framework to jointly
assess the influence of anthropogenic emissions.105
These coupledmodel experiments are often done in
pairs, with one simulation serving as a control run,
and a second with prescribed land conditions (i.e.,
soilmoisture, leaf area index, and surface albedo).As
such, the comparison of both simulations allows the
discrimination of the impact of land conditions on
climate.105 Regional climate simulations—in which
the boundary conditions are typically prescribed
based on reanalysis data of temperature, humidity,
and wind profiles—are frequently used to inves-
tigate single events.37,108–110 The influence of land
conditions on the particular extreme event can be
isolated as long as the domain of interest is suffi-
ciently large so that humidity and temperature in
the region are not fully determined by the reanalysis
data on the boundaries.100
On the other hand, global climate models can-
not yet be used to evaluate the land influence on
a particular event because of internal variability.
Statistical analyses of global climate model out-
puts have indicated that the interactions between
droughts and heatwaves play an essential role in
the context of climate change projections.57,115 As
such, transitional regions between dry and wet cli-
mates that are predicted to experience enhanced
drying under global warming, like central Europe
or central North America, expect an additional
increase of hot extremes compared to the mean
global temperature—for example, up to 6 °C in cen-
tral Europe at 2 °C global warming.116 In addition,
there are nonnegligible feedbacks with precipita-
tion in these transitional regions,which are expected
to further enhance the drying signal.40,41 The con-
comitant increase of drying and warming in these
regions also enhances the risk of compound dry and
hot extremes.1,2 Nonetheless, it is not the purpose
of this perspective paper to review the progress in
what relates to the future projection of global tem-
perature and precipitation extremes, thus the reader
is directed to, for example, Sillmann et al. and refer-
ences therein for an overview on that topic.105 The
following section focuses on the regional-scale sim-
ulation of specific drought and heatwave events.
Regional climate simulations
A large number of regional model experiments have
focused on the 2003 and 2010 heatwave events in
Europe as ideal test cases. These events broke tem-
perature records and were accompanied by drought
conditions that led to unprecedented socioeco-
nomic and ecological impacts.117–119 It is impera-
tive to forecast such events well in advance given
their dramatic consequences, but their predictabil-
ity remains poor: the 2003 and 2010 European
heatwaves were not simulated accurately by
the operational European Centre for Medium-
Range Weather Forecasts (ECMWF) system.120,121
Most coupled regional climate model experiments
suggest that while these extreme events were
instigated by large-scale atmospheric circulation
patterns, soil moisture deficits contributed substan-
tially to their intensity, and potentially to their
duration.25,36,37,108 Some have even suggested that
the dry soils constituted a necessary precondi-
tioning to reach extreme temperatures of such a
magnitude.4,25 Modeling studies have indicated that
the dry soils during the 2003 event affected the
intensity of the heatwave by several degrees: Fischer
et al. pointed to differences up to 4–5K based on
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an ensemble of regional climate models with vary-
ing degrees of soil moisture.36,108 This work also
demonstrated that the dry-out of the soils can lead
to a sharp decrease in geopotential height (by tens
of meters), which may further reduce the likelihood
of rainfall and exacerbate meteorological drought
and heatwave conditions. A more recent modeling
study for the 2010 Russian heatwave byHauser et al.
identified a 13-fold increase in the probability of
exceeding the previous summer heat record in the
region due to soil moisture deficit conditions, while
the sea surface temperature anomalies in 2010 did
not have a strong impact on the occurrence of the
event.113 Even more recently, Rasmijn et al. high-
lighted that the future intensification of heatwaves
in Eurasia will be larger than previously expected,
with temperature extremes being 8.4 °C higher over
western Russia when considering that warmermean
temperatures in the period leading up to the heat-
wave also imply lower soil moisture at the time of
the onset.114 This study was based on prescribing
realistic atmospheric blocking conditions to global
climate model projections.
Land–atmospheric feedbacks cannot be studied
in isolation without considering the implications
for the carbon cycle. State-of-the-art Earth system
models represent the terrestrial carbon cycle with
different degrees of realism, but they are all expected
to capture seasonal anomalies in biomass and pho-
tosynthetic activity. Lemordant et al. showed that
anomalies in vegetationdynamics during spring and
summer can substantially modify both the ampli-
tude and duration of heatwaves and droughts.102
Figure 3 is based on the results of this study. Sev-
eral simulations with the Weather and Research
Forecasting (WRF) model coupled to the Organiz-
ing Carbon and Hydrology in Dynamic Ecosystems
(ORCHIDEE) land-surface model were performed
to isolate the effect of CO2 on plant physiology and
water storage. The results in Figure 3 indicate lower
evaporation throughout the growing season when
CO2 is increased, due to decreased stomatal con-
ductance, even though the increase leaf area index
counter-balances this effect from mid-March. Dur-
ing the summer, the higher leaf area index increases
transpiration, which eventually depletes the water
savings from the growing season. As a result, sum-
mer temperatures are affected by the changes in
water use efficiency and biomass, and how these
propagate to changes in soil moisture throughout
spring and summer. This conclusively shows that
the interactions between land surface and climate
extend well beyond the immediate effects of soil
moisture on the partitioning on radiation, and can
be complex once the temporal evolution of soil
moisture and biomass is considered.
Current challenges
Nowadays, the scientific community agrees on a
potentially key role of land surface conditions in
the development of dry and hot extreme events.21
Given the catastrophic impacts these events brought
in recent years, and the projections that indicate
that present-day extremes will become the norm
in the future, the climate community is faced with
the responsibility to predict these events accurately
and in advance. Only if the drivers of droughts and
heatwaves are well understood, we may be able to
predict these events with the accuracy required to
successfully mitigate their socio-economic and eco-
logical consequences. However, to further under-
stand the role of land surface conditions as a driver
of these extremes, important research challenges
remain. Some of them are merely technical, while
others require true discoveries to foster progress.
The following discussion explores a few of these
challenges without aiming to be exclusive.
On the realistic model representation
of evaporation
Given the important role of cloud feedbacks in the
climate system, it is easy to justify the need for
high-resolution land–atmospheric coupled models
to explicitly solve for convection. While this topic
has received much interest in recent years,122–124
the adequate model representation of the terres-
trial segment of the land–atmospheric coupling has
arguably received less attention.125 In particular,
the representation of evaporation in land surface
schemes remains a bottleneck in land–atmospheric
feedback studies.43,44 Above, we highlighted the
strong dependency of land evaporation on soil
properties and vegetation traits—such as stom-
atal/xylem conductance or rooting depth—which
are largely unconstrained in climate and ecosys-
tem models.77,126 As discussed above, the impact of
extreme climate on vegetation is species-dependent,
yet current land surface model representations are
still basedonprescribedparameterizationsper plant
functional type. The effects of water and heat stress
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Figure 3. CO2 effect on plant physiology and impact on the 2003 heatwave. Differences in evaporation (top), sensible heat flux
(middle), andmaximumdaily air temperature (bottom) between considering the effects of CO2 on stomatal conductance andwater
use efficiency versus ignoring these effects (yellow lines and areas). The fraction of that effect that is purely physiological and does
not relate to the cumulative impact of soil moisture savings due to the higher water use efficiency is depicted in green (lines and
areas). For full details, see Lemordant et al.100
on transpiration andphotosynthesis are rather rudi-
mentarily treated by prescribing a certain response
to extreme air temperature, humidity, and soilmois-
ture deficit,55 and often assuming the same drought
sensitivity for all plant species.77 In addition, as ris-
ing CO2 concentrations increase ecosystem water
use efficiency, transpiration dynamics are expected
tobemodified inmost ecosystems,127–129 potentially
affecting these feedbacks.100
As such, it is still unlikely that state-of-the-art cli-
mate models accurately represent the potential of
droughts and heatwaves to self-intensify via land
feedbacks. However, there is significant progress in
model representation of the transpiration response
to stress conditions in land surface schemes; a
more evolved coupling of transpiration to photo-
synthesis involving the explicit characterization of
plant hydraulics is slowly becoming a reality.130,131
Since these processes affect the temporal and spatial
response of land evaporation during droughts and
heatwaves, their improved representation in land
surface schemes is expected to have an impact on
the projected duration and intensity of the events.
Of course, being able to observe the large-scale
impact of drought and heatwaves on transpiration
would also represent a major advance. While cur-
rent satellite-based evaporation models are still not
able to fully reflect these impacts,68 their future as
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observational benchmark data for current climate
models looks promising, thanks to the recent and
programmed launch of several satellite missions
providing multispectral, infrared, and microwave
data.132,133
Teleconnected feedbacks and event
self-propagation
A second, more conceptual, challenge relates to dis-
entangling the role of land feedbacks in the spa-
tiotemporal propagation of drought and heatwave
events. In previous sections, we have extensively dis-
cussed that land–atmospheric feedbacks may lead
to a local intensification of these events (Fig. 1).
What may be more controversial to acknowledge is
that, under a Langrangian perspective, these feed-
backs may prolong the life expectancy of the event
by aiding it to travel to other locations, or even
trigger new events in remote regions (Fig. 4). In the
case ofmeteorological droughts, these links in space
are expected, since land evaporation in upwind
(source) areas contributes moisture for precipita-
tion to downwind (sink) regions.134–136 In a recent
example, Keys et al.137 pointed to the importance
of forest evaporation for downwind rainfed agri-
culture, and Miralles et al.138 highlighted the role
of land evaporation for the supply of rainfall in
water-limited regions. This within-continent water
vapor transport enables the existence of “telecon-
nected land–atmospheric feedbacks.” These feed-
backs may help droughts propagate, that is, expand
to neighboring regions or concatenate as a sequence
of events. As the upwind source desiccates, the
reduction in evaporation results in less moisture
being transported into downwind locations, which
may in turn experience rainfall deficits as well
(Fig. 4); this situation is more likely to occur in
regions that rely heavily on rainfall of terrestrial
origin, such as large parts of North America, Eura-
sia, and West Africa.134,135,139,140 Furthermore, the
accompanied impact of land desiccation on long-
range heat and water vapor circulation may favor
(or disfavor) the occurrence of new extreme events
in other locations.24,105,108 However, efforts so far
have concentrated either on land feedbacks on rain-
fall in situ29,30,32,35,40,102,103 (Fig. 1), or on moisture
transport within continents, but not focus-
ing explicitly on land–precipitation feedbacks or
drought.134,135,139,141,142
Figure 4. Self-intensification and self-propagation of
droughts. Local and teleconnected land feedbacks may aid the
intensification and propagation (expansion and concatenation)
of meteorological droughts.
Therefore, these remote interactions, which are
ultimately regulated by land conditions, remain
largely unstudied,24,41,105,108 and their role in the
propagation of droughts and heatwaves remains
unknown. The conceptual diagram in Figure 4
expands upon the processes involved in the (local)
self-intensification illustrated in Figure 1 to embrace
this hypothetical (remote) self-propagation of a
drought event. If we consider a region A under a
prolonged deficit in rainfall, the drying of soil and
vegetation and subsequent decline in evaporation
may further reduce the local likelihood of rain-
fall (Fig. 1)—especially if A strongly depends on
moisture recycling (i.e., rainfall in A comes from
evaporation in A)—leading to the drought inten-
sification. If rainfall in the surroundings of A, or
even in a remote region B, largely originates from
evaporation in A, these land feedbacks may reduce
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the likelihood of rainfall in those regions. Conse-
quently, following this reasoning, the original dry-
out in A expands geographically, and may generate
new drought events in remote locations. We note
that these processes do not rely on a hypothetical
influence of land conditions on synoptic or meso-
scale wind circulation; this impact on circulation
patterns has also been investigated in recent years
and merits specific attention.31,143,144
The same framework summarized in Figure 4
can be applied to heatwave events. While this
remains speculative, the heat accumulated during
a heatwave as the high temperatures desiccate the
soils is also transported downwind; as such, the
self-propagation of the heatwave is also expected.
Figure 5 shows, for the 2010 Russian heatwave,
the synoptic conditions (near-surface air temper-
ature and mean sea-level pressure) according to
the ECMWF reanalysis ERA5,145 and the land sur-
face state (root-zone soil moisture and sensible heat
flux) from GLEAM v3.2a.66,88 The epicenter of the
heatwave is marked by the black contours, and is
here defined as the area experiencing afternoon
temperatures exceeding three standard deviations
with respect to the seasonal expectation.146 Follow-
ing the isobars, the persistent anticyclone located
northwest brought a continuous flow of warm air
from the southeast. But the southeast region was
already experiencing adrought andextreme temper-
atures during the period prior to the 2010 heatwave
(July 1–10). The advection of the air that had been
warmedupby thedry soils in thisupwind regionwas
certainly critical for the escalation of temperatures
in the 2010 mega-heatwave: according to the results
byMiralles et al., 40%of the heat stored in the atmo-
spheric boundary layer during the event came from
advection.4 Bearing this in mind, local and remote
land conditions influenced the peak in tempera-
ture; their effects were regulated by feedbacks on
the growth and state of the atmospheric boundary
layer, andwere still conditioned on synoptic circula-
tion. Needless to say, while the impact of these feed-
backs on meso-scale or even synoptic-scale wind
circulation is also possible, evidence of these effects
is even more elusive given the difficulties to disen-
tangle these impacts with either regional or global
climatemodels.24,108,144 If these teleconnected land–
atmospheric feedbacks are deemed crucial for the
occurrence of extreme events, the skill of state-of-
the-art meteorological forecast and global climate
models to represent these processes should also be
evaluated.
Geo-engineering strategies to mitigate
extreme events
The identification of hot-spot regions, like A in
Figure 4, which are sensitive to droughts and heat-
waves and supply moisture to other vulnerable land
areas (such as B), may allow the design of land geo-
engineering strategies to dampen the intensifica-
tion and propagation of these events. This brings
us to the third and final challenge here discussed,
which is that of the potential of geo-engineering
solutions to mitigate the impact of droughts and
heatwaves. Recent studies have suggested that, due
to the strong effect of regional land feedbacks for
the projected changes in hot and dry extremes,
human-induced modifications of these feedbacks
could potentially mitigate such extreme climate.
This has been shownas particularly relevant for low-
emission scenarios.147,148 Relevant modifications
include, for instance, changes in irrigation,148,149
or land surface albedo.150,151 The climate effects of
such modifications could potentially be integrated
among other ecosystem services.152
In addition, the benefits of afforestation, defor-
estation, or reforestation along these lines still need
to be explored.While the phenological response and
sensitivity of forests to drought conditions,126,153
the impact of drought events on the terrestrial car-
bon cycle,6,7,18,19,154 and the influence of forests
on general climatic conditions through feedbacks
(via, e.g., albedo, roughness, evaporation, and car-
bon exchange)155,156 have been a subject of intense
investigation in recent years, the effects of forests
on meteorological drought occurrence remain less
explored.157–160 As mentioned above, Teuling et al.
showed that vegetation functional traits, suchas root
depth and stomatal conductance, were central to
the contrasting influence of forests and grasslands
on heatwave temperatures.39 Analogous land-cover
dependencies are expected during meteorological
droughts, given the known influence of forests on
rainfall.155,156 In fact, Bagley et al. recently stud-
ied the evolution of the 2005 and 2010 Amazonian
droughts, and suggested that deforestation, due to
its negative impact on transpiration, could have fur-
ther reduced precipitation during these events.158
To date, most land geo-engineering solutions for
mitigating the effects of long-term climate change
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Figure 5. Synoptic conditions and land surface state during the 2010 Russian heatwave. For a 10-day period prior to the heatwave
(July 1–10), the onset (July 16–25), and the peakof the event (August 1–10): (top) average afternoonnear-surface air temperature (K)
and mean sea-level pressure (hPa) from ERA5,145 (middle) average anomalies in root-zone soil moisture expressed in the number
of standard deviations () from GLEAM v3.2a,66,88 (bottom) average surface sensible heat flux (W m−2) from GLEAM v3.2a.66,88
Black contours mark the region affected by the heatwave, defined by the seasonal anomalies in average afternoon near-surface air
temperature exceeding a threshold of three standard deviations.146
have targeted the increase of surface albedo or the
enhancement of carbon sequestration.155,161,162 In
the context of droughts, since forests help sustain
evaporation for longer,39,77 afforestation and refor-
estation measures may (a priori) be beneficial to
prevent the propagation of more extreme drought
events. However, these predictions are speculative,
as the impact of land-cover change and land man-
agement on meteorological drought occurrence
remains largely unstudied.
Conclusion
As droughts and heatwaves are expected to increase
in magnitude and frequency, climate models point
at land–atmosphere coupling as a key reason for
this exacerbation.114 Findings from experimental
studies over the last decade confirm the results
from earlier work on the role of soil moisture
and vegetation state in the evolution of hydro-
meteorological extremes.33,163–165 However, the
difficulties to disentangle the importance of these
feedbacks, either through statistical or process-
based approaches, still leave plenty of open ques-
tions. As such, progress is needed to (1) quantify
the large-scale response of land evaporation to soil
andatmosphericmoisturedeficits and extremeheat,
and understand ecosystem-specific responses, (2)
unveil the extent to which the changes in sur-
face energy partitioning induced by these hydro-
meteorological extremes regulate the evolution of
the atmospheric boundary layer, which will ulti-
mately determine the capability of the events to
locally (self-)intensify, (3) track the fate of individ-
ual events and the extent to which land feedbacks
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fuel their self-propagation to other regions, (4) fur-
ther explore the role of land conditions in the devel-
opment of event-favorable synoptic and meso-scale
circulation patterns, and (5) and exploit our knowl-
edge of these feedbacks to developmitigation strate-
gies based on geo-engineering. Finally, quantifying
the impact of land-use change and land manage-
ment on atmospheric moisture transport and heat
advection during droughts and heatwaves remains
an important cornerstone that connects all these
challenges, and would allow exploration of geo-
engineering solutions tomitigate the expansion and
concatenation of extreme events. As such, the role
of land conditions in the evolution of droughts and
heatwaves remains an important topic of ongoing
research. Progress in future years may enhance our
capabilities to anticipate these events, and thus mit-
igate the devastating socio-economic and ecological
impacts they engender.
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